Hydroelastic natural vibrations of perforated plates with cracks  by Liu, Tong et al.
Available online at www.sciencedirect.com
 
 Procedia Engineering  01 (2009) 000–000 
Procedia 
Engineering 
www.elsevier.com/locate/procedia
 
Mesomechanics 2009 
Hydroelastic natural vibrations of perforated plates with cracks 
Tong LIU*, Ke WANG, Qi-Wu DONG, Min-Shan LIU 
Thermal Energy Enging. Res. Center,  97 Wenhua Rd, Zhengzhou University, 450002, P. R. China 
Received 25 February 2009; revised 5 May 2009; accepted 25 May 2009 
Abstract 
This paper deals with the modal analysis of the clamped-edge circular perforated plates with ligament penetrated cracks both 
in air and submerged in fluid. The effect of the cracks to natural frequencies and modal strain energy of a perforated plate with 
ligament fractured cracks is studied by finite element analysis. The numerical results indicate that the cracks have clear effect on 
dynamic characteristics of a perforated plate. The simulation shows that the caused variation of modal strain energy is more 
sensitive than natural frequencies changes in the presence of growing cracks. The presence of fluid significantly influences the 
dynamic behavior of a perforated plate. Cracks also affect the fluid pressure distribution at the fluid-plate interface. The power 
flow based technique related to strain energy and its potential development into a strong tool in practical health monitoring are 
discussed. 
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1. Introduction 
Perforated plates, also known as punched plates, typically including tube sheets and support plates, are widely 
used in nuclear power equipments, heat exchangers, pressure vessels and so on. They are often utilized as head 
plates, end covers or supports for tube bundles. In most cases they consist of circular plates into which tubes are 
fixed by welding, or loosely clamped by fit. The holes in the plate are arranged in various regular penetration 
patterns designed to suit the nesting of the tubes. Both square and triangular array perforation patterns are used in 
industrial applications, while the square array pattern predominates in nuclear power plant.  
Perforated plates such as support plates in steam generator, plenums, calandria and end shields used in nuclear 
reactors have some differences compared to those used in conventional industries. In the former case, in order to 
boost the heat transfer efficiency and resistance capability of thermal fatigue, both the plates and tubes are thinner 
than those used in other industries. 
Investigations of perforated plates mostly concentrated on stress analysis by theoretical considerations, strain 
measurements and photoelastic experiments or numerical simulations. A complete procedure for the design of U-
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tube sheets and fixed tube sheets based on the concepts of effective elastic constants by homogenization of the 
elastic behaviour of perforated plates and the elastic foundation offered by the tube bundles has been provided in 
ASME Boiler and Pressure Vessel Code, Section III, Division 1[1], Section VIII, Division 1 [2]. The method can be 
applied for thin as well as thick tube sheets [3]. However, although the methodology recommended in Ref. [1] is 
useful for evaluation of the thickness of general tube sheets subjected to bending, it is not applicable for the analysis 
of steam generator support plates where the tubes are not tightly fixed to the plates. The dynamic properties of a 
perforated plate in air or submerged in a fluid, with or without cracks are not dealt with in previous research, and 
they have been little explored by researchers.  
A uniform plate is classified as thin when the ratio of the plate thickness h to its smallest face size, such as the 
diameter, D, is less than 1/6. A perforated plate with thickness/pitch ratio h/p≤ 2 is also considered to be thin. The 
support plate under consideration is a thin perforated plate with a square array of holes. It is clamped along its outer 
circumference and thousands of tubes are loosely fitted within its holes. The plate thickness is a small quantity 
compared to the plate radius and, in turn, the ligament width is smaller than the plate thickness. Under the working 
condition of high pressure, elevated temperature and corrosive fluid flow, cracks are easily initiated in perforated 
plates along the ligaments. These cracks will continuously grow in service. At last the propagated cracks result in 
ligament fracture or local region fragmentation of plates. In order to secure the operation safety, the risk of support 
plate failure should be very limited.  
The present work looks at the dynamic characteristics of a perforated plate with a square circular penetration 
pattern. The model is characterized by ratios h/p=1.2, h/D=0.05. It can therefore be properly treated as a thin 
perforated plate and discretized using shell elements. 
2. General solution procedures 
An outer circumference clamped perforated plate is chosen as a model for analysis. The model is discretized 
appropriately by 8-Node shell elements or 3-D 8-Node solid shell element. The modal analysis is implemented by 
finite element method to determine the natural frequencies, mode shapes and total strain energy of the perforated 
plate model under consideration. The mode-extraction methods Block Lanczos, is used here to solve structural 
modal analysis problems in air.   
The analysis of a perforated plate submerged in water involves the interaction between the fluid and structure. In 
acoustic fluid-structure interaction problems, the structural dynamics equation needs to be considered along with the 
Navier-Stokes equations of fluid momentum and the flow continuity equation. The following assumptions are used 
to simplify the fluid momentum and continuity equations. The fluid is compressible, i.e. fluid density varies with 
pressure changes. The fluid is inviscid so the viscous dissipation is neglected. The average flow of the fluid is also 
ignored. The coupled method is used to study a plate submerged in water by applying the fluid-structure interaction 
problem solution technique. The modal analysis of a perforated plate under water is solved using 3-D fluid elements 
with quadrilateral shell elements. Due to fluid-structure coupling involving non-symmetric matrices, the 
unsymmetric mode-extraction method is used.  
Batch running input files were developed by ANSYS Parametric Design Language. The model sizes and function 
controls are input in parametric form so that any change in perforation pattern, crack length, crack location, ligament 
efficiency, plate dimensions, material properties and mesh sizes can be realized by altering the numerical values of 
the variables. The fluid scale, density and the speed of sound in a fluid medium were specified for the model 
submerged in liquid. 
3.  Model description 
Constrained by the capabilities of the finite element package ANSYS and the computer’s size, and considering 
the analysis purposes, a circular perforated plate with circular holes was chosen. The geometry is characterized by 
diameter D=300 mm and thickness h=30 mm. Cylindrical holes of diameter d=20 mm are distributed over the entire 
plate face in square array pattern with a ligament efficiency η equal to 0.2 as shown in Fig. 1. The isotropic bulk 
material of the perforated plate was modeled using a Young's modulus E, Poisson's ratio υ and density ρ equal to 
2.1E11 N/m2, 0.3 and 7.8E3 kg/m3 respectively. The density of fluid medium is set to 1000 kg/m3. The speed of 
sound in fluid is set to 1454 m/s. The built finite element model is illustrated in Fig. 1. It also shows the position of 
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the fluid and the interface between the fluid and the plate, where elements are defined as fluid elements interfacing 
with one of the perforated plate faces. The modules are shown in discretized form with shell element discretising the 
plate and 3-D fluid elements describing the fluid medium.  
 
                                    
Fig. 1.The FE model of a perforated plate in a fluid                                                     Fig.2.The FE model of a perforated plate with a crack 
4. Results 
The modal features of a perforated plate with different cracks and a given ligament efficiency were computed. 
The crack is simulated by different numbers of fractured ligament bridges.  
4.1 Modal analysis of a perforated plate with crack in air 
4.1.1 Single crack 
The crack line oriented in parallel direction is illustrated in Fig. 2 by bold segments. Selecting the crack location 
at a half pitch of distance to plate centre, the variation of modal frequencies versus the crack length is illustrated in 
Fig. 3. The vertical axis variables of the plots are defined by the ratio f/fref, where f is the natural frequency of the 
plate with cracks and the fref  is the natural frequency of the uncracked plate. The crack length is defined by the 
number of fractured ligaments and plotted along horizontal axis. The plots demonstrate that the natural frequencies 
decrease with the crack growth. Fig. 4 shows the total strain energy curves relating to different crack lengths, where 
the vertical axis is defined by the ratio E/Eref,  E  is the total strain energy of a perforated plate with cracks, and the 
Eref is total strain energy of the uncracked plate. The curves demonstrate that the total strain energy of whole plate 
decreases with the crack growth. Comparing Fig. 4 with Fig. 3 it is observed that the strain energy, E, is more 
sensitive to crack growth with respect to the frequency, f. 
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Fig. 3. The relationship of f/fref vs crack length                                         Fig. 4. The relationship of E/Eref vs crack length 
T. Liu et al. / Procedia Engineering 1 (2009) 129–133 131
 Liu T. et al./ Procedia Engineering 01 (2009) 000–000 
4.1.2 Cross cracks 
  Taking two crossed cracks into account the results of the parametric simulations indicate that the cracks cause 
apparent reduction of frequencies and strain energy. 
 
4.1.3 Single L-shaped and dual L-shaped cracks 
  When two or three cracks intersect at segment ends they form L-shaped, dual L-shaped or hoop cracks. Similar 
trends of the ratios f/fref and E/Eref can be obtained according to the FE analysis for such configurations. 
 
4.2 Modal analysis of a perforated plate with crack submerged in water 
It is assumed that the modal shapes are not changed by the fluid based on the results of theoretical analysis and 
experimental phenomena. The non-dimensional added virtual mass incremental NAVMI factors for plates in contact 
with a fluid on one side have been proposed by previous work [4-6]. NAVMI factors obtained should be doubled for 
plates in contact with a fluid on both sides. Here attention is paid to know the effect of the crack on the dynamics of 
a perforated plate submerged in water. 
The FE model of a perforated plate characterized by one face in contact with a fluid is built to solve the modal 
analysis of perforated plate with crack submerged in water as shown in Fig. 1. The liquid height is selected as the 
distance between two layer plates. As a result of fluid mass damping both the natural frequency and the strain 
energy of a perforated plates submerged in water are largely reduced. The modal frequencies obtained by simulation 
in water decrease by up to 50% of those experienced in air.  
Figures 5 and 6 show that the changes of frequency ratio f/fref and strain energy ratio E/Eref in quantities on the 
different crack length for first two orders of modes are indistinguishable, while the third order of mode induces an 
abrupt change. Detailed analysis of this phenomenon will be implemented in future.  
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Fig.5.The f/fref vs crack length                                                               Fig. 6. The E/Eref vs crack length 
 
5.  Conclusions and discussions 
This paper deals with the natural vibrations of clamped-edge circular perforated plates with different ligament 
penetration cracks both in air and in contact with a finite fluid domain.  
(1) The analysis results from the present work are encouraging. They show that the cracks have obvious effect on 
dynamic characteristics of a perforated plate. In other words, monitoring the change in the dynamic characteristics 
and strain energy of perforated plates may generate a potential application in future health monitoring and 
assessment for important industrial equipment.  
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(2) The computed results indicate that the presence of the fluid significantly influences the dynamic behaviour of 
a perforated plate. The results show that the cracks affect the dynamic characteristics of a circular plate. The crack in 
perforated plate also changes the fluid pressure distribution. The fundamental advantage of the technique employed 
here is that it is relatively easy to use and is totally independent of the perforation scheme.  
It should be emphasized that at present modal shapes and strain energy are used in the analyses. In future we will 
put emphasis on the active and reactive power flow of the perforated plate with and without cracks. Variation of the 
modal active or reactive power distribution of a damaged plate has been analyzed by researchers [7]. It has been 
found that large variation of local power flow in or out of the damaged region of a plate under resonant vibration 
relates to the change of strain and kinetic energies in the damaged area. The power flow method only requires data 
of a vibration mode shape of the structure and it is easier to apply in practice.  
The aim of this paper is to study the feasibility of some new health monitoring method based on the modal and 
energy change of a vibration mode of a damaged perforated plate. The main objective is to explore the capability of 
modal frequencies, total strain energy and power flow distribution to act as effective as damage indicators. The 
study of damage location identification for perforated plate using modal active or reactive power flow will constitute 
the objective of future investigations. 
Acknowledgements 
The authors are thankful to the support of Henan Provincial Innovation Funds for Outstanding Talents. 
References 
1. ASME. Boiler and Pressure Vessel Code. Section III, Div. 1 (Nuclear Power Plants Components), Appendices, Article-A-8000; 1977. 
2. ASME Boiler and Pressure Vessel Code. Section VIII, Div. 1 (Rules for Construction of Pressure Vessels), Appendix AA; 1998. 
3. B J E van Rens , W A M Brekelmans, F P T Baaijens. Homogenization of the elastoplastic behavior of perforated plates. Computers and 
Structures, 69 (1998) 537±545. 
4. M K KWAK, S B HAN. Effect of fluid depth on the hydroelastic vibration of free-edge circular plate. Journal of Sound and Vibration 
(2000) 230(1), 171-185. 
5. Anita Kaczor, Ryszard Sygulski. Free vibration analysis of floating plates. May 26-27,2005, 6th International Conference 
ENVIRONMENTAL ENGINEERING. 
6. Tong Liu. Res. on key techniques for health monitoring of steam generator in nuclear power plant [D], Zhengzhou University Doctoral 
thesis, 2007. 
7. W O Wong, X Q Wang, L Cheng. Modal power flow analysis of a damaged plate. Journal of Sound and Vibration, 320 (2009) 84–100. 
T. Liu et al. / Procedia Engineering 1 (2009) 129–133 133
